We propose to evaluate the contribution of polycyclic aromatic hydrocarbon molecules that carry side groups to the mid-infrared emission spectra. Within this framework, the IR absorption spectra of 2-and 9-vinylanthracene were measured in Ar matrices at 12 K and in CsI and polyethylene pellets at room temperature. The laboratory spectra were analyzed with the support of simulations based on the density functional theory. For each PAH molecule, eight IR spectra were computed by combining the B3LYP functional with as many different basis sets, namely 4-31G, 4-31G(d), 6-31G, 6-311G, 6-31G(d), 6-31G(d,p), 6-31+G(d,p), and 6-31++G(d,p). The comparison of the theoretical spectra with the laboratory data allowed us to determine the most suitable combinations for modeling the IR spectra of neutral PAH molecules that carry a vinyl side group. It was concluded from the examples of 2-and 9-VA that the optimum basis set is 6-31G unless a steric interaction has to be taken into account, in which case the optimum basis set is 6-31G(d). Thus, in the presence of such an interaction, the use of d-type polarization functions is recommended. We discuss the possibility for neutral vinyl-substituted PAHs to contribute to the mid-infrared emission spectra and find that their specific features do not match with the mid-infrared aromatic emission bands.
Introduction
The astrophysical infrared emission features at 3. 3, 6.2, 7.7, 8.6, 11.2, and 12.7 µm (3030, 1610, 1300, 1160, 890 , and 790 cm −1 ) are attributed to vibrational transitions in polycyclic aromatic hydrocarbon (PAH) molecules (Leger & Puget 1984; Allamandola et al. 1985 Allamandola et al. , 1989 Puget & Léger 1989) . These aromatic infrared bands (AIBs) are ubiquitously observed in a variety of locations ranging from star-forming regions to the vicinity of late type stars and even in external galaxies (Cohen et al. 1989; Geballe et al. 1989; ISO Results 1996; Lutz et al. 1998; Peeters et al. 2002 Peeters et al. , 2004 ; for a review, see Tielens 2008) . The AIB profile variations correlate with object type indicating different PAH populations in different astrophysical regions (Peeters et al. 2002 (Peeters et al. , 2004 . To understand the relationship between astrophysical conditions and types of PAHs, one needs to compare the astrophysical observations with reference data obtained in the laboratory. Studies of co-added infrared (IR) spectra of PAHs in different sizes and charge states provide useful indicators relating to possible PAH groups in the interstellar medium (ISM) Pathak & Rastogi 2008) .
In the laboratory, the conditions of the ISM, which are low-temperature and collision-free environment, are best simulated with molecular beams. Because obtaining the IR emission spectra of PAHs under such conditions requires great efforts, laboratory data are scarce. Information on the vibrational modes of PAHs in molecular beams can be gained from the application of spectroscopy techniques that make use of IR absorption or dispersed fluorescence. The largest set of data, however, has been obtained for PAH molecules isolated in rare gas matrices (Hudgins 2002) . Although the IR absorption spectra measured with the matrix isolation spectroscopy (MIS) technique are affected by the interaction between the molecules and the surrounding rare gas atoms, they provide useful data concerning the vibrational modes of PAHs.
Laboratory studies of well identified PAH molecules are limited to those that can be synthesized and extracted at a reasonable cost. For the other ones, that is the majority of them, quantum theoretical calculations are used extensively to obtain absorption data (Langhoff 1996; Bauschlicher & Bakes 2000; Bauschlicher 2002; Pathak & Rastogi 2005 Bauschlicher et al. 2008 Bauschlicher et al. , 2009 ). The absorption data are used to model emission spectra and, by co-adding the emission bands of several PAHs, composite spectra can be obtained for a meaningful comparison with observations Joblin et al. 2002; Mulas et al. 2006; Pathak & Rastogi 2008) .
Using quantum chemical data for a large set of PAHs, a good match for the complex 7.7 µm AIB from different sources was reported (Pathak & Rastogi 2008) , pointing toward the existence of large PAHs in benign regions around planetary nebulae and small-to medium-sized PAHs in harsh UV-dominated, star forming regions. Most model spectra, however, failed to reproduce the 6.2 µm AIB as the closest calculated vibrations (CC stretching modes) had frequencies 30-40 cm −1 too low (Pathak & Rastogi 2008) . In the absence of simultaneous matching of all AIBs, it is essential to consider a wider set of PAHs, including derivatives, in emission models. Studies on substituted PAHs, hydrogenated ones, and PAHs with nitrogen heterocycles have been reported (Langhoff et al. 1998; Beegle et al. 2001; Hudgins et al. 2005) . Experimental studies on carbon nanoparticles produced by astrophysically relevant mechanisms suggest the presence in space of PAHs carrying side groups containing CC double bonds (Hu et al. 2006) . It is possible that such PAH derivatives are also formed in the ISM, and the presence of double bonds in the side group may increase the frequency of the relevant vibrations (in-plane deformations of the aromatic rings) and bring their bands closer to the 6.2 µm AIB. It is therefore important to study PAH vinyl derivatives, in order to incorporate them into AIB feature modelings.
Although quantum chemical methods have proven to be useful in providing IR data, they are restricted by the choice of basis sets and scaling procedures (Martin et al. 1996; Yoshida et al. 2000) . It is usual to compare spectra of matrix-isolated samples of a few small PAHs with calculations using some basis set and use the same basis set and scaling factor for larger PAHs. The use of smaller basis sets, for instance 4-31G, is computationally less demanding and requires a simple linear scaling. Large systems can be effi-ciently studied with models based on the density functional theory (DFT). The B3LYP functional has been widely applied and numerous results obtained at the DFT-B3LYP/4-31G level of theory have been published (Langhoff 1996; Bauschlicher & Bakes 2000; Bauschlicher 2002; Pathak & Rastogi 2005 Bauschlicher et al. 2008 Bauschlicher et al. , 2009 . These calculations give a good frequency match with experimental spectra, but the intensities, particularly those related to C−H stretching vibrations, are overestimated (Langhoff 1996; Bauschlicher & Langhoff 1997; Pathak & Rastogi 2005 . It has been shown that the use of larger basis sets provides a better intensity correlation but complicates the scaling procedure (Bauschlicher & Langhoff 1997; Pathak & Rastogi 2006) . Because PAHs that have been studied to date were essentially plain ones, planar, with a single conformation, the DFT-B3LYP/4-31G model may not be the best to study PAHs with side groups.
In the present work, a combined experimental and theoretical study of the IR spectroscopy of 2-vinylanthracene (2-VA) and 9-vinylanthracene (9-VA) is reported. The structural diagram of the molecules is shown in Figure 1 . The IR absorption spectra of both forms of VA isolated in Ar matrices are presented for the first time. Theoretical spectra have been calculated and are compared with the MIS measurements in order to evaluate the suitability of different basis sets and scaling laws. Finally the incorporation of vinyl-substituted PAHs into AIB models is discussed.
Experimental
Since the experimental setup was used in a recent study (Rouillé et al. 2008) , only a short description is given here. The PAH-doped Ar matrices were formed on a cold KBr substrate placed in a vacuum chamber. A closed-cycle helium cryocooler allowed us to cool the substrate to temperatures as low as 7 K. Prior to forming each PAH-doped matrix, a reference spectrum of the windows and substrate was measured for the purpose of background correction.
The 2-VA (Chemos, purity 97%) and 9-VA (Sigma-Aldrich, purity 97%) samples were used as received. Since both 2-VA and 9-VA are solid under standard conditions, the sample under study was placed into a small oven connected by a short line to the vacuum chamber. Thus the vapor pressure of the sample could be increased by heating. When the oven reached the temperature chosen for the experiment, pure Ar gas (Linde, purity 99.9996%) was injected in the line between the oven and the vacuum chamber. In excess, the rare gas was seeded with PAH molecules and its flow was directed toward the cold KBr substrate.
During the initial heating of the oven, the deposition of molecules was prevented by inserting a cold shield between the gas inlet and the cold KBr substrate. By the same means, and by stopping the carrier gas flow, it was also possible to interrupt the growth of the matrix at different times in order to measure spectra and to monitor the rise of absorption bands.
To produce each matrix, the temperature of the KBr substrate was stabilized at 12 K and the Ar flow was set to 3.70 sccm (standard cubic centimeter per minute). For 2-VA, the temperature of the oven had to be increased from 61.5 to 105.5
• C during a deposition process that took in total 105 min. In the case of 9-VA, the oven temperature was kept at 39.5
• C and the complete deposition lasted 90 min. The oven temperatures remained well below the melting points of the samples, 186.5-211
• C for 2-VA (Hawkins 1957; Stolka et al. 1976a ) and 64-67
• C for 9-VA (Hawkins 1957; Stolka et al. 1976b ).
Each spectrum was measured in transmission through the matrix and the substrate with a Fourier transform IR spectrometer (Bruker 113v). Because mechanical vibrations caused by the helium compressor generated an intense noise at frequencies lower than 600 cm −1 , the spectra measured at the end of the deposition procedures were acquired after cooling the matrices down to 7 K and then switching off the compressor. During these final acquisitions, the temperature of the substrate increased from 7 to 20 K. All scans were carried out with a resolution of 2 cm −1 and an averaging over 64 measurements.
The IR spectra of 2-and 9-VA were also measured in CsI and polyethylene pellets at room temperature. Note that in pellets the molecules are not isolated. They are found in sample grains embedded in the pellets. All pellets had a diameter of 13 mm and their masses were in the range 200-290 mg. The CsI and polyethylene pellets were prepared with mass ratios of 1:500 and 1:100, respectively. In polyethylene, measurements could be obtained down to 50 cm −1 .
Results and discussion

Measured IR spectra
The spectra of 2-VA and 9-VA measured at cryogenic temperatures in Ar matrices and at room temperature in CsI and polyethylene pellets are shown in Figure 2 . The strong bands observed in the spectrum of matrix-isolated 2-VA at 468, 739, and 885 cm −1 remind us of the spectrum of anthracene (Szczepanski et al. 1993 ) while the strongest band at 900 cm −1 is reminiscent of the main feature in the spectrum of ethylene (H 2 C=CH 2 , Cowieson et al. 1981) . On the other hand, the features of anthracene are not obvious in the spectrum of 9-VA. For instance, the medium intensity band near 470 cm −1 seems to be missing and the intensity of the band at 883 cm −1 is reduced if compared with the intensity of the strongest feature at 735 cm −1 . Thus it appears that replacing a quarto hydrogen in anthracene with the vinyl group to form 2-VA does not affect the anthracene features, whereas the replacement of a central solo hydrogen to obtain 9-VA brings major modifications. Table 1 lists the frequencies of the bands measured with a relative intensity higher than 1% of the strongest band.
Beside the most intense features, numerous weaker bands can be clearly seen in the matrix-isolated spectra of both 2-and 9-VA at frequencies up to 1550 cm −1 . The search for weak bands in the 1550-1700 cm −1 range is hampered by the strong signal corresponding to the bending mode of matrix-isolated water molecules (Ayers & Pullin 1976) . Features corresponding to aromatic ring deformation modes and to the C=C stretching vibration of the vinyl group should be found in the 1600-1700 cm −1 region. This is confirmed by the examination of the spectra measured in CsI pellets. They are free of water features and each shows near 1625 cm −1 two bands of medium intensities, which overlap in the case of 9-VA. The examination of the water features at different times during the deposition of the PAH-doped matrices did not reveal superimposed PAH bands. Neither does the comparison of the water features observed in the spectra of 2-and 9-VA. One can conclude that the PAH bands expected in this region are well within the noise level and very weak. The column densities obtained with the present matrices would not allow us to observe these features even in the absence of the water lines.
At the high-frequency end of the spectra, one finds the characteristic peaks of the aromatic C−H stretching modes near 3050 cm −1 . As usually observed in PAH spectra, they have low intensities.
A study of jet-cooled 9-VA by dispersed emission spectroscopy reported low frequency modes at 90 and 134 cm −1 (Werst et al. 1987) . We used polyethylene pellets containing 2-and 9-VA for measurements in the 50-220 cm −1 frequency range. The spectra shown in Figure 2 do not reveal narrow bands in this interval. A weak, very broad feature may be present around 110 cm −1 in the spectrum of 2-VA. A peak, although it is broad, appears more sharply at 124 cm −1 in the spectrum of 9-VA.
Theoretical calculations
Quantum chemical calculations have been performed with the GAMESS program (Schmidt et al. 1993 ). The B3LYP functional has been employed in combination with eight different basis sets for both molecules to obtain optimized geometries and theoretical IR spectra. Figure 1 shows the optimized structures. During the optimization procedures, all bond lengths and angles were let free. For 2-VA, however, successful optimization with the 6-31+G(d,p) basis set required a tightening of the integration grid. With the 6-31++G(d,p) basis set, it was necessary to confine the structure of 2-VA within a plane in order for its optimization to converge toward a solution. This constraint was consistent with the geometries obtained with the other basis sets.
We found that 2-VA had a planar geometry with the anti conformation if we use the convention chosen by Ni et al. (1991b) . In our calculations, the energy of the syn conformation was determined to be approximately 400 cm −1 higher. These results are in agreement with those obtained by Sakata et al. (2001) with an ab initio approach at the Hartree-Fock level. Early experimental studies of the dynamics of the s-cis (syn) ↔ s-trans (anti) isomerisation of 2-VA in solutions could not conclusively determine which conformer had the lowest energy (Cherkasov 1962; Brearley et al. 1985; Flom et al. 1986; Arai et al. 1989) . The outcome of our calculations, however, is the opposite of the theoretical and experimental results of Ni et al. (1991a,b) . Using semiempirical models, with geometry constraints, and NMR measurements on deuterated 2-VA in solution, they concluded that a near planar syn conformation had the lowest energy (Ni et al. 1991a,b) . On the other hand, according to Cherkasov (1962) , the proportion of syn to anti isomers in a solution of 2-VA in heptane decreases with the temperature. For instance, it is 4.0 at 80
• C and 0.16 at −45 • C (Cherkasov 1962) . In addition, NMR measurements gave conflicting results for 2-vinylnaphthalene, which was eventually found to have the lowest energy in the anti conformation (Lewis & Denari 1996) . Relying on these results and on the fact that we considered a higher level of theory than Ni et al. (1991a,b) , we accepted the anti conformation as the one with the lowest energy, which would be preponderant at cryogenic temperature. The relevance of our theoretical model was confirmed when comparing the spectra, calculated at both the anti and syn conformations, with the measured spectrum. All basis sets were tried in this procedure. Although the two conformations gave similar theoretical spectra, several bands of close intensities arose in the 400 -500 cm −1 region for the syn conformation whereas a single band dominated the same region for the anti conformation. It was thus found that, in addition to the lowest theoretical energy, the anti conformation gave the theoretical spectra that agreed best with the measured spectrum. Accordingly, in order to interpret the spectrum of 2-VA isolated in an Ar matrix, the frequencies and IR activities of the vibrational modes for the anti conformation were retained. Table 2 lists the frequencies calculated using various basis sets and scaled after the spectrum was assigned as discussed in the next section. The frequency-scaled IR spectrum calculated with the 6-31G(d,p) basis set is displayed in Figure 2 .
In 9-VA, the optimized geometry for all used basis sets reveals planar moieties, but they make an angle of 56 ± 1
• due to steric interaction ( Figure 1 ). This value is in excellent agreement with the experimental values 56.15 and 58.4
• obtained by X-ray diffraction measurements in crystals at 123 and 293 K, respectively (Yasuda et al. 2000) . It is also in good agreement with the angle of 60 ± 10
• reported in a study of the conformations of 9-substituted anthracenes, determined at room temperature in solution in carbon tetrachloride (Le Fèvre et al. 1968 ). On the other hand, our result is not consistent with the angle of 0
• derived from dispersed fluorescence spectra of 9-VA measured in a supersonic jet (Werst et al. 1987) . We assume that the resolution of the jet-cooled spectrum is somehow responsible for this result. A previous computational study carried out with the AM1 and MNDO semiempirical models gave angles of 65
• and 90
• (Ni et al. 1991a ), respectively. Another study reporting the results of ab initio calculations at the HartreeFock level cited an angle of 69.9
• (Sakata 2005) . The fact that the geometries we have calculated agree better than the others with the laboratory measurements of Le Fèvre et al. (1968) and Yasuda et al. (2000) can be attributed to the higher level of theory we have employed. Table 3 lists the scaled theoretical frequencies derived from our calculated geometries. As discussed in the next section, frequency scaling was carried out after the spectrum was assigned. The IR spectrum corresponding to the geometry obtained with the 6-31G(d,p) basis set is displayed in Figure 2 . Figure 3 displays the theoretical energies of 2-and 9-VA as a function of the basis set used in each geometry optimization procedure. The figure shows expectedly that employing larger basis sets results in lower energies. Increasing the number of Gaussian primitives from four to six, e.g., by changing from the 4-31G basis set to 6-31G, gives the largest reduction in energy. The addition of d-type polarization functions on heavy atoms decreases the energy further as can be seen by comparing the energies obtained with the 4-31G and 4-31G(d) basis sets and those obtained with the 6-31G and 6-31G(d) basis sets. The introduction of p-type functions, however, does not diminish the energy significantly more if one considers the difference between the energies calculated using the 6-31G(d) and 6-31G(d,p) basis sets. Finally, adding diffuse functions to the description of C atoms or to both C and H atoms, which is indicated in the basis set notation with the + and ++ symbols, respectively, has also little effect on the theoretical energy. In the absence of experimental evidence, if one assumes that theoretical energies converge toward the physical value as they decrease, energy-wise there is little improvement beyond using the 6-31G(d) basis set. According to our calculations, the energies of 2-and 9-VA have similar values, the energy of 9-VA being slightly higher than that of 2-VA (except when using the 4-31G basis set), probably because of the supplementary steric interaction.
Comparison between observed and calculated IR spectra
The spectra of 2-and 9-VA isolated in Ar matrices were interpreted by comparing them with the raw theoretical spectra. Tables 2 and 3 give the assignments for the bands observed in the spectra of 2-and 9-VA, respectively. The theoretical frequencies reported in Tables 2 and 3 are the raw frequencies multiplied by a scaling factor. This factor depends on the theoretical model, that is on the basis set as far as this study is concerned. The determination of the scaling factor is discussed below.
In the case of 2-VA, the analysis of the observed spectrum confirms that the strongest band at 899.6 cm −1 corresponds to a vibrational mode in which the main contribution is brought by the CH 2 wagging mode of the vinyl moiety. It is accompanied by the wagging of a pair of H atoms in the aromatic subunit. Concerning the strong bands at 468, 739, and 885 cm −1 , they arise from out-of-plane vibrations of the anthracene moiety as expected.
For 9-VA, the CH 2 wagging mode gives two bands of medium intensity at 926.6 and 931.5 cm −1 due to its mixing with the anthracene CH wagging motions. This effect indicates a stronger interaction between the two moieties in 9-VA compared to 2-VA. The strongest band at 734.7 cm −1 and the medium bands at 842.7 and 883.2 cm −1 arise from out-of-plane vibrations in the anthracene subunit. Another pair of medium bands found at 680.8 and 693.3 cm −1 corresponds to complex modes involving motions of all parts of 9-VA.
In the spectra of both 2-and 9-VA, the features associated with the aromatic C−H stretching modes were easily identified. The relative intensities of the observed bands is rather low whereas they are prominent features in the theoretical spectra obtained with the B3LYP functional and our selection of basis sets. This contrast was already observed for other PAHs Bauschlicher & Langhoff 1997 ).
The two bands observed near 1625 cm −1 in the spectra of 2-and 9-VA measured in CsI pellets could be assigned. One band, which is found at 1617.0 and 1621.8 cm −1 in the spectra of 2-and 9-VA, respectively, corresponds to an in-plane ring deformation mode, with a contribution of the C=C stretching in the case of 2-VA. It is related to the mode of anthracene measured at 1620 cm −1 in a KBr pellet (Karcher et al. 1985) and at 1627 cm −1 in an Ar matrix (Szczepanski et al. 1993) . The other band, found at 1629.6 cm −1
for 2-VA and at 1627.6 cm −1 for 9-VA, is attributed essentially to the C=C stretching vibration. Although the theoretical intensities obtained for these bands are rather strong, and despite the fact that they clearly appear in the spectra measured in CsI pellets, they are not found in the MIS measurements. Even though the water lines make the search difficult, only very weak bands can make it fruitless. In the spectra measured in CsI pellets, the intensities of these bands are assumed to be enhanced by the interaction of the molecules with their neighbors in the grains. For reference, the C=C stretching mode of ethylene in an Ar matrix has a frequency of 1629 cm −1 (Cowieson et al. 1981) . Bands of medium strengths found near 1000 cm −1 in the MIS spectra of 2-and 9-VA have been assigned to the torsion of the vinyl moiety about its double bond.
After assigning the measured spectra, we determined the scaling factors to be applied to the theoretical frequencies. Following the example of studies on other PAHs (Martin et al. 1996; Bauschlicher & Langhoff 1997) , we considered separately the frequencies of the C−H stretching modes. These modes give rise to bands that strongly overlap resulting in the mostly unresolved 3.3 µm feature shown in Figure 2 . As it was not possible to assign 12 modes to this feature, frequency scaling factors were obtained by fitting a synthetic profile to the spectra measured in Ar matrix. For a given basis set, the synthetic profile was made of 12 Lorentzian functions, which were defined by the theoretical frequencies and intensities of the 12 C−H stretching vibrations. The Lorentzian functions were given a common full width at half maximum. Finally, they shared the same frequency and intensity scaling factors, which were determined in the fitting procedure. The complete assignment of measured frequencies to scaled theoretical harmonic frequencies is given in Tables 2 and 3 for 2-and 9-VA, respectively. All scaling factors are given in Table 4 . They are also graphically presented as a function of the basis set in Figure 4 .
The description of the chemical bonds improves upon addition of polarization functions. This is reflected by the scaling factor for the 400-1800 cm −1 range getting closer to 1 when a d-type polarization function is added to the 4-31G and 6-31G basis sets. For the aromatic C−H stretching frequencies, the scaling factor varies little as a function of the basis set. As a consequence, when using large basis sets, the frequency scaling required for the aromatic C−H stretching modes is more pronounced than that required for the other modes.
With the goal of determining which basis set to use so as to obtain the B3LYP-based theoretical IR spectra closest to observations, we calculated the deviations for the scaled frequencies and linear correlation coefficient (R 2 ) for relative intensities. Tables 5 and 6 give for each molecule and for each basis set the root mean square (rms) value of the frequency differences, the maximum deviation observed for the frequencies, and the R 2 value for intensity correlation. This is reported for the 400-1800 cm −1 range as the higher frequency C−H stretch region has weak peaks. While the energy calculations show clear improvements on going to larger basis sets, with drastic change in going from four to six Gaussian functions (see Section 3.2 and Figure 3) , there is no such clear indication in the frequency-intensity matching. For 2-VA, the best frequency match is obtained when using the tight integration grid in conjunction with the 6-31+G(d,p) basis set but the intensity is least correlated with the observed. Using the normal grid smallest frequency difference rms is obtained with 6-31G basis set while the intensity correlation initially did not appear to be good. On closer observation it is seen that with the 6-31G basis set there is a strong peak (911.6 cm −1 , relative intensity 0.96) calculated very close to the strongest one (905.6 cm −1 ) and these are matched to the observed peaks at 911.2 (relative intensity 0.03) and 899.6 cm −1 respectively. The 911.6 cm −1 mode appears as an outlier in the intensity correlation. Disregarding this peak results in a good R 2 value which is mentioned in Table 5 .
In the case of 9-VA frequency matching improves with the basis set size but no such trend is there in intensity matching. In general for 9-VA the intensity matching is not as well correlated as for 2-VA. The best frequency-intensity match is obtained at the 6-31++G(d,p) level, the largest basis set used in the current study. For both 2-and 9-VA the intensity correlation is very good when 6-311G basis set is used but the corresponding frequency matching is poor.
Astrophysical implications
The detection of vinyl cyanide in Sgr B2 provided the first evidence for the presence of the reactive vinyl radical in space (Gardner & Winnewisser 1975) . Ethylene itself was detected later in the circumstellar gas surrounding the supergiant IRC+10216 (Betz 1981) . Molecules containing the vinyl group have since been detected: vinyl alcohol (Turner & Apponi 2001) and propenal (Hollis et al. 2004 ) toward the star forming region Sgr B2(N), and propylene (or propene) toward the dark cloud TMC-1 (Marcelino et al. 2007) . As molecules containing a vinyl subunit have been discovered in different astrophysical environments, the study of 2-and 9-VA gains significance.
We have expectedly found that the IR spectrum of a PAH is affected by the addition of a vinyl side group. Not only the vibrational modes of the vinyl moiety give rise to new bands, they also couple with the PAH modes. As a result, the IR bands of a vinyl-substituted PAH correlate with those of the non-substituted PAH through frequency shifts and intensity changes.
We have found that the CH 2 wagging mode gives rise to a band of strong intensity for 2-VA and medium intensity for 9-VA in both the theoretical and MIS spectra. Its wavelength, which is 11.1 µm (899.6 cm −1 ) for 2-VA and ∼10.7 µm (931.4 cm −1 ) for 9-VA, makes the band close to the 11.2 µm AIB. This region, however, is also rich in strong aromatic C-H wagging bands carried by non-substituted PAHs. As a consequence, the addition of the CH 2 wagging mode to AIB models may not improve them significantly. In that case, the existence of the 11.2 µm AIB would not be sufficient to prove the presence of vinyl-substituted PAHs in space.
For both 2-and 9-VA, the DFT-based calculations have disclosed two bands of medium to strong intensity in the 6 µm region (see Figure 2) . One of them correlates with a band of anthracene, which is found at 6.15 µm in Ar matrix (1627 cm −1 , Szczepanski et al. 1993 ) and at 6.17 µm in KBr pellet (1620 cm −1 , Karcher et al. 1985) . The other band involves the C=C stretching mode. The MIS measurements do not show these features, indicating that their intensity is significantly lower than predicted by the theoretical model we have chosen. Only the spectra measured in CsI pellets reveal bands in this region, possibly because their strength is enhanced by the interactions that take place between molecules in a grain. Caution is required to use these measurements. As can be seen in Table 1 , for a given band in the 1500 to 1600 cm −1 interval (6.25 to 6.67 µm), the wavelength measured in a CsI pellet may be as much as 0.03 µm longer than the value obtained in an Ar matrix, which should be closer to the gas phase value. Consistently, the wavelength of the band of anthracene mentioned above is longer by 0.02 µm when measured on grains in a KBr pellet instead of molecules dispersed in an Ar matrix. As a consequence, it is for example difficult to evaluate the effect of the vinyl group addition on the mode that gives the band at 6.15 µm for anthracene isolated in an Ar matrix and at 6.17 and 6.18 µm (1621.8 and 1617.0 cm −1 ) for 9-and 2-VA, respectively, in CsI pellets.
The two bands observed in CsI pellets in the 6 µm region lie close to the position of the 6.2 µm AIB. As the peak position of the 6.2 µm AIB varies depending on the line of sight, three classes of spectra were defined (Peeters et al. 2002) . Class A contains the 6.2 µm AIBs that peak at the shortest wavelengths, more specifically between 6.19 and 6.23 µm. In CsI pellets, the band correlated to anthracene is found at 6.17 and 6.18 µm (1621.8 and 1617.0 cm −1 ) for 9-and 2-VA, respectively, just outside the short wavelength limit of the class A interval. The band connected to the C=C stretching mode is found at 6.136 and 6.144 µm (1629.6 and 1627.6 cm −1 ) for 2-and 9-VA, respectively, well outside the limits of the class A interval. Obviously, it does not fit with the 6.2 µm AIB, even if considering the most favorable case of class A. To assume a redshift of 0.03 µm in the 6 µm region for the band positions measured in CsI pellets only increases the discrepancy.
Finally, the MIS spectra show bands close to 10 µm associated with the torsion of the vinyl moiety about its double bond. This mode is noticeably infrared active and should be seen in the presence of vinylsubstituted PAHs (Papoular 2003 ). An IR emission feature was observed at 10 µm but it was attributed to PAH cations without the mention of a particular structure (Sloan et al. 1999 ).
The comparison of our laboratory spectra with the AIBs does not offer any evidence of the presence of vinyl-substituted PAHs in IR sources. Thus the population of these species is below the detection limit. Still, the vinyl radical has been included in schemes that model the growth of PAHs in carbon-rich stellar envelopes and outflows (Frenklach & Feigelson 1989; Cherchneff et al. 1992 ). Let us assume that vinylsubstituted PAHs are formed in such environments and can be found in IR sources. In terms of size, 2-and 9-VA are small representatives of the PAH family. Theoretical studies, however, suggest that the AIBs are essentially caused by PAHs containing 80 C atoms or more (Schutte et al. 1993) and that only PAHs with more than 30 to 50 C atoms are not photodissociated by the UV field in the ISM (Allain et al. 1996a,b; Le Page et al. 2003) . Consequently, the spectra of PAHs larger than 2-and 9-VA would be more suitable for a comparison with observed astrophysical spectra, especially if the action of a vinyl side group on the spectrum of a PAH molecule depends on the size of the latter.
Computational aspects
To study larger vinyl-PAHs and PAHs with polyacetylenic side groups, which could be difficult to synthesize, it is important that a suitable level of quantum chemical theory be chosen. The study of both forms of VA and the comparison with the matrix-isolated IR spectra provide indicators for the correct choice. Ideally the use of ever larger basis sets tends to improve the accuracy of the calculations, but at the same time it drastically increases the computational effort. A compromise between accuracy and computational cost must be made. The duration of each vibrational calculation after geometry optimization is shown in Tables 5  and 6 . Figure 5 proposes a graphical comparison. The clock times varied due to processor load and number of CPUs used. The data are extrapolated assuming eight CPUs (HP alpha 64 bit, 1.25 GHz) with 100% usage. The computational time increases with the size of the basis set, especially upon addition of diffuse functions. In general, computations with a given basis set take less time for 2-VA (planar species) than for 9-VA. When using the 6-31+G(d,p) basis set to calculate the geometry of 2-VA, it was necessary to use the tight grid option for the determination of integrals. As the option was kept for calculating the vibrational modes, the computation time becomes excessively long. As the PAH size will increase, computations will be more time consuming.
The frequency-intensity matching in 2-VA shows that the 6-31G basis set is appropriate. For 9-VA also the 6-31G basis set gives reasonable result but the addition of d-type polarization function improves frequency matching and the intensity correlation also remains satisfactory. In 9-VA further improvements occur only on addition of diffuse functions but this will be computationally intensive. For both 2-and 9-VA calculations using d-or both d-and p-type polarization functions, the largest deviation from a measured frequency is observed for the R(C=C) v mode near 1600 cm −1 . In this region we used measurements obtained in CsI pellets that are likely to be redshifted compared with the value one would obtain by MIS in an Ar matrix (see Sections 3.3 and 3.4). This redshift could be 5-10 cm −1 which is not enough to explain the overestimation in calculations for these modes. A different scaling factor in the 1600 cm −1 region is indicated for calculations using basis sets with either d-or both d-and p-type polarization functions. There is greater overestimation of the R(C=C) v mode in 2-VA (planar species) than 9-VA (non-planar species). Considering all aspects the optimum basis set is 6-31G. When a steric interaction, as in 9-VA, has to be taken into account, the addition of d-polarization functions on C atoms can lead to improvements.
The frequency scaling factors for the same basis set are different for the two molecules reported. In the C−H stretch region the scaling factors 0.9534 (2-VA; 6-31G) and 0.9603 (9-VA; 6-31G(d)) can be used for the study of other similar species, with the same basis set. Similarly in the lower frequency range the scaling factors 0.9566 (2-VA; 6-31G) and 0.9697 (9-VA; 6-31G(d)) are suggested.
Conclusions
As few PAHs can be obtained and characterized in the laboratory, one has often to resort to theoretical approaches in order to evaluate IR spectra. Taking 2-and 9-VA as examples, we have examined the suitability of the DFT-B3LYP/4-31G level of theory to model the IR spectra of vinyl-substituted PAHs. At this level of theory, a good frequency match and a reasonable intensity match are obtained for non-substituted PAHs (Langhoff 1996; Bauschlicher & Bakes 2000; Bauschlicher 2002; Pathak & Rastogi 2005 Bauschlicher et al. 2008 Bauschlicher et al. , 2009 . As the addition of an aliphatic side group may significantly alter the IR spectrum of a PAH, a more adapted level of theory may be required. We have found that, for an accurate description of the C=C bonds in a vinyl side group, the use of basis sets larger than 4-31G is indicated. The optimum basis set in our results is 6-31G for 2-VA and 6-31G(d) for 9-VA. Thus, in order to model the IR spectra of large vinyl-substituted PAHs, we propose to use the 6-31G basis set in the absence of any steric interaction, such as in 2-VA, and the 6-31G(d) basis set otherwise, such as in the case of 9-VA.
When the computational facilities allow it, one might be tempted to add diffuse functions to the basis sets to improve the theoretical spectra. Actually, the addition of diffuse functions on the C atoms and, better, on the C and H atoms, leads to improved theoretical spectra in the case of 9-VA. This could be interpreted as a better modeling of the molecule confronted with a steric interaction. Considering that a model that works in the presence of such an interaction should also work in its absence, this effect may be fortuitous. Indeed, for 2-VA, the addition of diffuse functions on the C atoms clearly lowers the quality of the theoretical band intensities. Diffuse functions need to be added to H atoms as well to find again a quality similar to that obtained without diffuse functions. If the improvement of the theoretical spectra lies on a better rendering of the steric interaction, it might be wiser to choose a different functional rather than to add diffuse functions to the basis sets. In comparison with the B3LYP functional, more recent functionals that include long range corrections, e.g. LC-wPBE (Tawada et al. 2004) , CAM-B3LYP ) and wB97X-D (Chai & Head-Gordon 2008) need to be tried.
We have studied how the difference between an aromatic CC stretching mode and the 6.2 µm AIB is affected when taking into account PAHs carrying vinyl side groups, which contain a C=C bond. Because we could not observe bands around this wavelength in the spectra measured by MIS in Ar matrices, we rely on measurements obtained in CsI pellets and on the comparison with literature spectra of anthracene. It appears that the addition of a vinyl side group does not improve the match of the aromatic CC stretching mode with the 6.2 µm AIB. Moreover, the C=C stretching mode of the vinyl group gives rise to a new band in this region, which does not fit with the 6.2 µm AIB either.
The addition of vinyl groups introduces other new modes, notably the torsional mode about the C=C bond and the CH 2 wagging mode, which give bands near 10 and 11 µm, respectively. Astronomical observations, however, have not reported AIBs that could clearly correspond to these modes.
Further it needs to be studied whether the intensity of the bands induced by a vinyl side group increases in charged species, as in the case of aromatic C−C stretching modes in non-substituted PAHs (Langhoff 1996; Bauschlicher & Bakes 2000; Bauschlicher 2002; Pathak & Rastogi 2005 . In that case it would be possible to determine their correlation with AIBs.
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Fig. 2.-Measured and theoretical absorption spectra of 2-VA (top) and 9-VA (bottom). The measured spectra were obtained under different conditions: molecules isolated in Ar matrices at 12 K (a), grains blended in CsI pellets at room temperature (b), and grains blended in polyethylene pellets at room temperature (c).
The theoretical spectra (d) were computed at the B3LYP/6-31G(d,p) level and their frequency axes were scaled in a fitting procedure. In each MIS spectrum, a horizontal bracket marks the region of the H 2 O features. a b Fig. 3 .-Theoretical energies of 2-and 9-VA for geometries optimized with different basis sets. For 2-VA, a successful optimization required using a tight grid with the 631+Gdp basis set (a) and forcing a planar geometry with the 631++Gdp basis set (b). b Derived from the results obtained with the 631Gdp basis set. Notation of modes according to Banisaukas et al. (2004) : r(CH), aromatic CH stretch; r(CH)v, vinyl CH stretch; r(CH2)v, symmetric vinyl CH2 stretch; ra(CH2)v, asymmetric vinyl CH2 stretch; R(CC), aromatic CC stretch; R(CC)v, vinyl-ring junction CC stretch; R(C = C)v, vinyl C=C stretch; α(CCC), in-plane aromatic ring angular deformation; α(CCC)v, in-plane vinyl CCC bend; β(CCH), in-plane aromatic CH bend; β(CCH)v, in-plane vinyl CH bend; ǫ(CH), out-of-plane aromatic CH bend; ǫ(CH)v, out-of-plane vinyl CH bend; α(HCH)v, vinyl HCH scissor; β(HCH)v, vinyl HCH rock; ǫ(HCH)v, vinyl HCH out-of-plane wag; ω(HCH)v, vinyl HCH out-of-plane twist; τ (CCC), out-of-plane aromatic ring angular deformation; τ (CCC)v, out-of-plane angular deformation in the vinyl moiety.
c Frequencies measured in Ar matrix unless indicated otherwise.
d Geometry optimized using a tight grid.
e Geometry optimized forcing a planar geometry.
f Band observed at room temperature in CsI pellet. b Derived from the results obtained with the 631Gdp basis set. See Table 2 for the notation of the modes.
d Band observed at room temperature in CsI pellet.
e The atomic displacements (α(CCC) + β(CCH)) differ from those obtained with the other basis sets. Note. -The scaling factors were applied to the raw theoretical harmonic frequencies to obtain the theoretical values given in Tables 2 and 3. a Geometry optimized using a tight grid.
b Geometry optimized forcing a planar geometry.
-27 - Note. -Only the bands with a frequency between 400-1800 cm −1 have been taken into account.
